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ABSTRACT 


A  representative  survey  of  the  literature  of  Aerodynamic  Noise  was 
made.  This  was  not  intended  to  be  an  exhaustive  list  but  rather  to  give 
the  state  of  the  field  presently.  It  was  found  that  much  of  the  research 
done  in  this  field  is  either  experimental  or  semi-empirical.  This  is 
primarily  due  to  the  complex  nature  of  the  theory  of  turbulence. 
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1.  Nature  of  the  Prohlem 


When  a  rehicla  mores  throu^  air  there  are  two  haslc 
by  which  It  can  produce  noise:  (l)  by  Its  propulsion  mechanism 
(motor-jet,  rocket,  etc.,)  and  (2)  by  Its  Interaction  with  Its 
sxirroundlngs.  At  low  speeds  the  first  '^f  these  Is  by  far  the 
dominant  oxie  idiUe  near  or  above  the  speed  of  sound,  mechanism 
(2)  becomes  quite  Ixqportant. 

The  reascm  for  the  study  of  the  noise  produced  by  such  a 
mechanism  Is  likewise  two-fold.  First,  the  noise  field  Is  one 
of  the  Important  reasons  for  failure  In  vehicles  such  as  rockets 
and  hl^  speed  Jets.  Secondly,  human  beings  find  objectionable 
the  "cacophoiunis  sequence  of  whines,  roars,  and  bangs”  which 
are  the  sounds  produced  by  Jet  aircraft.  It  Is  from  one  of  these 
two  standpoints  that  one  must  view  most  of  the  research  done  on 
aerodynamic  so\md.  Ilxe  first  Is  primarily  a  near  field  study 
while  the  second  Is  far  field  In  nature. 

Since  most  of  the  hlg^  speed  propulsion  devices  of  today 
Involve  the  Impingement  of  a  Jet  e:chaust  Into  relatively  quiescent 
air  this  will  constitute  the  area  of  study  for  the  previously 
mentioned  propulsion  devices.  We  will  exclude  the  effects  of  Jet 
air  temperature  and  Intermittent  combustlen,  etc. 

In  the  second  category  of  noise  production  one  finds  prlioarlly 
the  pressure  field  due  to  a  turbulent  boundary  layer.  Such  phenosiena 
as  the  sound  produced  by  the  Interaction  of  a  vortex  with  a  shock  wave 
also  must  be  Included  In  this  category. 

From  the  point  of  view  of  definition  we  may  define  sound 
produced  aerodynamlcally  as  all  sound  fields  idilch  owe  their 
existesce  to  airflows  rather  than  being  by-products  of  the 
vibrations  of  solids.  It  has  been  found  valuable,  however,  by 
Llghthlll  and  others  to  distinguish  between  sound  and  "Pseudo 
Sound”.  Inside  an  airflow  pressure  fluctuations  commonly  occur 
d\ie  to  InstablU'^  which  yields  at  low  Reynolds  numbers  a  regular 
eddy  pattern  and  at  hif^  Reynold's  numbers  an  Irregular  tuxbulent 
flow.  If  a  microphone  or  ether  pick  vq;>  devlee  Is  placed  In  the 
flow  It  will  record  the  density  fluctuations  due  to  such  patterns 
Just  as  If  they  were  an  ordinary  sound  field.  However,  they  lack 
the  essential  qoMll*^  of  sound,  l.e.  propagation  at  or  around  the 
velocity  of  sound.  Hence,  the  designation  "psevido  sound".  Cils 
does  not  imply  that  sxich  a  flow  does  not  generate  a  propagating 
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sound  field  l)ut  rather  that  the  densl-fy  fXaotwttloias  In  the  flov 
Itself  do  not  constitute  such  a  sound  field.  is  a  fact 

often  overlooked  hy  e:q[>erliDenter8  in  the  field. 

The  prohlem  of  the  near  field  of  aerodynamic  noise  vbere  the 
fluctuations  due  to  the  so\md  field  and  those  to  the  psexido 
sound  field  axe  compaxaible  (they  fall  off  vith  inverse  distance 
and  inverse  sq^iare  distance)  is  very  hax^  to  treat  theoretically. 
It  is  here^  however,  that  the  strongest  implications  for  the 
structural  engineer  are  found.  Much  of  the  progress  in  this  area 
has  been  of  an  experimental  nature. 


2.  The  Basic  Mechanisms  of  Aerody»e”<c  Sound  Generation 

Ve  may  recall  that  in  the  classlcsiL  theory  of  acoustics, 
a  simple  source  is  one  lAdch  caused  a  fluctuation  in  the  net 
flov  throu^  a  closed  surface.  An  example  is  a  sphere  executing 
radial  vibrations.  A  dipole  source  results  from  the  pulsating 
motion  of  a  rigid  body  in  an  acoustic  medium.  An  example  of 
this  would  be  the  pressure  field  of  a  vibrating  string  idilch 
vibrates  in  only  a  single  plane.  It  is  not  necessary,  however, 
that  a  rigid  body  be  moving  and  the  acoustic  medium  be  at  reat. 

In  fact  if  the  converse  in  true  an  acoustic  field  is  also 
produced.  As  an  exaoqple  of  this,  consider  the  fluctuating 
drag  force  on  a  cylinder  due  to  flov  perpendicular  to  its  axis. 
Even  thou^  the  cylinder  remains  stationary  the  reactive  forces 
set  up  an  aco\istic  field  in  the  moving  fluid  quite 
to  that  vhlch  would  result  from  a  statlonaxy  medium  a 
vlbxatlng  cylinder.  This  accounts  for  the  theory  of  edge  tones 
such  as  the  sound  from  the  vlnd  throu^  telephone  vires. 

There  is,  in  the  example  Just  given,  an  Implicit  assumption 
idilch  underlies  almost  all  of  the  theoretical  studies  on  flov 
noise,  l.e.  that  the  pressure  field  may  be  obtcdned  by  taking 
the  forces  resulting  from  flov  as  forcing  functions  on  an 
acoustic  medium.  Tills  ignores  the  interaction  of  the  sound 
field  itself  vith  the  unstable  flov,  an  effect  vhlch  is  impoztant 
at  very  smal  1  Mach  number  but  idilch  is  almost  coo^letely  insig> 
nlf leant  in  the  study  of  aircraft  noise. 

The  basis  for  the  theoretical  understanding  of  sound 
produced  aerodynamlcally  vas  given  by  TAgh-fch-tn  [i].  Combin¬ 
ing  the  equatloiuB  of  momentum  and  mass  conmarvatlon  he  obtained 
the  equation 
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«  :v2  ^2 

o  p  ^2  d_£  ^  d  Tjj 

■  *“  K  ’ 
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p  la  the  densl'^,  x  ‘kl**  Telocity,  £  the  ordlnexy  stress  tensor, 
and  a^  the  velocity  of  sound.  This  equatlcm  yields  directly  a 
solution  for  the  acoustic  problem  if  cone  has  sufficient  Infoxnatlon 
about  the  turbulence  stress  tensor  T  .  The  determination  of  the 
structure  of  the  turbulence  generated^by  ctLrflows  is  then  the 
fundamental  problem  for  the  determination  of  floe  noise.  Th^« 
turns  out  to  be,  however,  a  virtually  i nMmwiniiTfeM'hi  m  obstacle  to 
a  complete  theoretical  treatment.  Only  for  isolated  cases 
any  attempt  been  aeis  to  analyte  completely  the  noise  produced  by 
®  8l>ven  ^rpe  of  turbulent  flow.  Tnstead  of  atten^>tlng  to  solve 
this  problem  researchers  have  exchanged  it  for  the  determination 
of  equivalent  moving  "source*  distributions.  It  is  s\Q>posed  that 
the  noise  from  the  floe  can  be  synthesisad  by  a  set  of  single  or 
multlpole  sources  distributed  throuf^iout  the  flov.  The  character 
of  such  source  distributions  and  the  qualitative  estimates  which 
can  be  obtained  from  application  of  the  exact  theory  has  occ\q)led 
most  of  the  theoretical  and  experimental  work  on  Jet  and  rocket 
noise. 

3*  Jet  Moise 

It  has  been  previously  mentlotted  that  the  two  basic  types  of 
aerodynsmlc  noise  generators  aret  (l)  noise  frera  Jets  ii.pinging 
on  q[uiescent  air  and,  (2)  noise  induced  by  turbulence  around  the 
skin  of  the  aircraft.  The  first  of  these  presents  several  peculiar 
problems.  Since  the  method  to  be  ^;>plied  is  that  of  finding  source 
distributions  within  the  flow  which  are  eq;alvalent  to  the  forces 
***•  would  exert  on  an  acoustic  medixim  we  must  consider  reflect¬ 
ion  and  refraction  of  the  acoustic  field  <m  the  weloclty  discontinuity 
which  defines  the  boundary  of  the  Jet.  Thie  is  a  problem  inherent  to 
the  method  of  sources.  Then  we  must  c(nisider  the  fact  that  are 

not  stationary  sources  but  are  being  convected  with  the  flov.  It  is 
found  that  both  of  these  considerations  have  profound  effects  on  the 
directionality  and  power  from  the  flow.  They  account  for  the  heart 
shaped  pattern  of  the  pressure  isobars. 
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Bie  radiation  fields  of  a  morlng  source,  dipole,  and  g,\md- 
xapole  respectireJ^  axe 

■(t-r/a  )  X  P  (t-r/a  )  x  x  T*  (t-r/a  ) 

p  .  p  . _ 2 _  »  -Li _ o  ,  ^  o 

®  lnrr(l-4f  cos  0)  4xr*(l-M  cos  0)^  *Mrr^(l-M  cos  0)^ 
0  c  c 

ehere  the  functions  m(t),  P^(t),  and  their  strengths 

at  tine  t«  is  the  Mach  number  of  cranreetlon.  r  is  the  distance 

from  the  point  of  emission,  and  0  is  the  angle  betseen  the  direction 

of  emission  and  the  direction  of  eonrection. 

From  dipoles  and  quadripoles,  ehose  radiation  fields  axe 
dependent  on  incomplete  cancelling  of  signals  from  positive 
and  negative  sources  due  to  differences  in  time  of  emission, 
additional  factors  |l*^  cos  0|~^  aupear,  representing  the  increase 
in  those  time  differences.  Oils  is  closely  related  to  the  Doppler 
Increase  in  the  observed  frequency. 

The  method  of  using  movlng<-source  fields  in  practical  problems 
of  Jet  noise  has  been  perfected  by  Ffoves  WllUams  [2*4].  The 
eiqperlmental  evidence  for  Jets  is  not  quite  as  convincing  as  for 
boundary  layer  tuxbulence  that  the  pzoblem  at  hand  is  a  eravected 
pattern  of  turbulence.  Hovever,  it  seems  safe  to  regard  the  Jet 
ease  as  a  moving  system  of  quadrapoles. 

4.  Boundary  layer  Boise 

The  noise  generated  by  turbulence  in  boundary  layers  is  an 
important  type  of  noise  of  the  dipole  type.  Probably  in  no  other 
area  of  aerodynamic  noise  has  there  been  esqperlaental  exploration 
having  a  similar  quality  to  that  for  boundary  layer  turbulence. 

It  has  been  shown  that  wall  psressure  fluctuations  are  much  larger 
than  akin.,  friction  fluctuations  and  hence  in  the  wuHn  the  acoustic 
dipoles  are  perpendicular  to  the  surface. 

From  the  meastuements  of  WlUmarth  [^,6]  ve  may  infer  that 
the  autocorrelation  function  of  pressure  fluctuations  is  roughly 
Geusslan,  and  that  the  area  vmder  the  correlation  curve  is  given 
with  good  accuracy  by 

r"  ^•’*1 1 

U 

Where  is  the  displacement  thickness.  Thus  ve  can  regard 
pressxires  at  a  point  as  well  correlated  within  a  time  sep¬ 
aration  of  about  l.^^/U  and  uncorrelatid  for  greater  time 
separations . 
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ViUattrth  also  flndB  that  a  relatively  slovly 
pressure  pattern  Is  Boring  down  stream  so  fast  that  the  time 
variation  at  a  slncle  point  gives  an  Impression  of  high  freq¬ 
uency  that  Is  misleading.  lUs  Is  rather  an  Indication  that 
the  random  space  pattern  possess  a  high  speed  of  convection. 

The  measurements  mentioned  shove  provide  an  excellent 
base  for  the  studies  fdr  the  mho  vlshes  to  examine 

structmml  fatigue  and  the  random  character  of  houndary  layer 
noise.  However,  without  an  adequate  theory  for  a  proper 
Intexpretatlon  these  e:qperlments  do  not  attain  their  full 
significance  for  the  understanding  of  this  noise  mechanism. 

It  Is  readily  seen  that  both  for  Jet  noise  and  for 
boundary  layer  noise  the  fundamental  problem  Is  the  nature 
of  the  turbulence  Involved.  The  entire  theoretical  effort 
nov  being  eoqpended  on  the  area  seems  to  be  aimed  at  devising 
means  of  circumventing  this  block  without  understanding  the 
physical  nature  of  turbulence.  It  would  appear  very  unlikely 
that  any  great  theoretical  advances  can  be  made  in  the  general 
area  of  aerodynamic  noise  until  a  significantly  new  end  fertile 
theory  of  turbulence  ^;>pears. 
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Sunmanles  From  Aerodynmnlc  Holse 


Obe  notlTatloii  for  most  of  the  studies  of  noise  produced 
by  airflows  which  were  done  prior  to  19^2  was  the  understanding 
of  the  eddy  patterns  set  \q>  by  steady  flows.  !D)ese  studies  resulted 
from  observations  of  such  flows  as  the  aeoleln  noise  of  wind  throu^ 
telephone  wires.  It  Is  seen  from  the  work  of  Kutta  and  Joukowsky 
that  the  force  £  idilch  acts  on  a  cylinder  of  length  b  Is 

£- 

where  p  Is  the  fluid  densl*^,  £  the  circulation  shout  the 
cyllndef ,  an^  £  Is  the  velocity  of  the  flow.  Esnee  idien  the 
eddies  of  -2r»  +21  axe  thrown  off  alternately  from  the  flow 
these  results  an  alternating  force  on  the  cylinder  normal  to 
the  direction  of  floe. 

Qbe  acoustic  dipole,  discussed  by  Bsylelc^  and  !• 
generatctd  by  the  fore  and  aft  displacement  of  a  cylinder  or 
sphere  In  a  fluid.  Ihe  similarities  between  this  and  the 
situation  of  the  addles  from  a  cylinder  was  the  motivation 
for  Tudln  [7]  to  suppose  that  the  origin  of  vortex  noise  lies 
In  the  variable  force  acting  on  the  medium  thvr^n^  the  flov 
past  a  body.  He  Inferred  that  the  pressure  on  the  cylinder  must 
be  dependent  <ui  -Uie  strength  of  the  eddies  In  the  wake.  From  a 
dimensional  analysis  he  deduced  that  the  aoimd  power  would  vary 
as  the  sixth  power  of  the  wind  velocity.  Blokhlntsev  [8] 
extended  Tudln*  s  sxqpposltlon.  The  ultimate  statement  of  these 
works  Is  that  the  far  acoustic  field  produced  by  flov  around 
fixed,  rigid  bodies  Is  the  same  as  If  the  fluid  force  sustained 
by  the  body  were  ippUed  In  the  opposite  direction  to  a  corres¬ 
ponding  fluid  at  rsat.  Obis  Idea  also  forms  the  core  of  the 
analysis  by  Etkln,  Itorbacher  and  Keefe  [9]  In  idilch  It  Is 
supposed  that  the  cylinder  can  be  replaced  by  a  body  force 
sufficient  to  prevent  the  fluid's  motion.  *»*!■  work  then  forms 
the  basis  for  the  proposition  of  Tdgh-fchm  «w  tiieory  of 
aerodynamic  noise,  past  I  of  which  appeared  In  19^. 

In  part  I  of  a  classic  paper  Llfd>th1 11  [1]  propounded  the 
fundamental  basis  of  noise  produced  by  gas  flows  with  rigid 
boundaries.  Most  of  the  work  done  by  earlier  Investigators  of 
noise  produced  by  flows  was  to  determine  the  frequency  content 
of  sound  produced  by  regular  eddy  patterns.  Tdghthm  concerns 
himself  with  the  determination  of  the  Intenslly  from  an  arbltraiy 
flov.  !Ibe  method  of  attack  Is  to  estimate  the  flov  field  from 
aerodynamic  principles  and  then  to  deduce  the  sound  field.  This 
precludes  any  Interaction  of  the  sound  with  the  flov  producing  It. 
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nw  moTljig  fluid  Is  siqterposed  on  su  approprlats  acoustic  medium 
at  rest  and  the  difference  of  the  consezratlon  of  momentiia  equatlcms 
is  considered  to  be  a  fluctuating  force  field  (known  If  tlie  flov  Is 
known).  This  force  field  acts  on  the  stationary  acoustic  medium 
and  hence  radiates  sound  according  to  the  ordinary  laws  of  acoustics. 
The  difference  between  the  stresses  In  the  real  flov  and  the 
fluctuating  pressure  la  the  acoustic  medlm  are  taken  to  be 


pY  y  +  P 

^  1  J  IJ 


2 

a 

o 


where  Y^,  ,  p,  and  a  are  the  weloolty,  the  re«LL  stress 

tensor,  the  oensl'^,  anS  the  acoustic  Telocity.  5  Is  the 
Kroneeker  delta.  The  principal  generator  of  acousuc  distur¬ 
bance  Is  the  Reynolds'  stress  since  the  dissipation  of  acoustic 
energy  by  rlscoslty  and  heat  conduction  is  slow  and  likewise 
the  differences  p  -  sgp  Is  silent.  It  is  noted  that  since  much 
of  the  fluctuation  ef  the  maaentum  flux  Is  balanced  by  a  local 
reciprocating  motion  the  effect  is  as  if  we  were  dealing  with 
an  acoustic  guadrapole.  This  Is  a  manifestation  of  the  surface 
nature  of  the  stress,  and  is  a  very  inefficient  method  of 
conrertlng  kinetic  energy  to  acoustic  energy.  The  source  density 
decomposes  Into  a  fluctuating  dipole  source 


(where  the  sunmatlon  conrentlon  Is  used  on  the  Indices)  and  a 
field  of  lateral  quadrapoles  due  to  'ttie  fluctuating  shearing  stresses. 


At  distances  large  compared  with  the  dimensions  of  the  flow  the 
densl-^  fluctuatloaB  are  given  by 


P 


.  a, 

a  ~ 

o 


irtiere  the  repeated  Indices  Indicate  suomatloa  orer  the  range 
1,  2,  3*  Here  Is  the  location  of  the  source  point  and  jr  is 
the  point  at  which  the  densl'fy  fluctuation  is  measured. 
Defining  the  intensity  of  acoustic  radiation  at  a  point  by 
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irtiere  9 


®  ("p  -  p  ^  ^  square  fluctuation  in  density 
at  that  point,  w  obtain  for  the  Intensity 


i(«) 


ImP  I«|’ 


■where  a  tar  over  a  quantity  Indicates  averaging  in  time* 
Jot  the  acoustic  power  we  have 


By  physical  arguments  and  dimensional  analysis  t.i  1 1 
concludes  that  at  a  distance  *  from  the  center  of  the  flow 
the  density  fluctuations  are  rou^d^Iy  proportional  to 


where  u  and  i  are  a  typical  velocity  and  a  typical  length 
respectively.  The  intensities  are  predicted  to  he  roughly 
proportional  to 


o  o 


;Di  Lifdithill  [10]  applied  the  theory  developed  in  part  I 
■^1**  scattering  of  sound  hy  turbvilence.  He  estimates  that 
the  energy  scattered  per  unit  time  from  a  unit  ■volume  of 
turbulence  is 
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vhere  I  is  -ttie  intensity,  X  the  satvelength  of  the  incident 

'2 

sound  and  a  is  the  speed  of  sound.  ▼  is  the  mean  square 
Telocity  and  L  the  macro-scale  of  the  tuxt>ulence  in  the 
direction  of  the  indident  sound.  This  formula  does  not 
ass\Biie  any  particular  kind  of  tuxinilence  but  does  assxme 
that  than  one.  It  is  predicted  that  components 

of  the  turbulence  vith  uanre  number  k  vlll  scatter  sound 
of  wave  nofliber  k  at  an  angle  of  2  sin  *^k/2K).  The  statistics 
of  successire  scatterings  is  considered  and  it  is  predicted 
that  sound  of  mnrelength  less  than  the  macro-scale  of  the 
tuxbulence  X  vill  become  q;ulte  random  in  its  j^f^ctional 
distribution  in  a  distance  approximately  Xa^/v  The  theory 
is  extended  to  include  an  incident  acoustic  pulse  and  Incident 
shock  uare.  Ih  the  case  of  the  shock  it  is  necessary  to  take 
into  account  the  actual  speed  of  the  shock  relatiTe  to  the 
fluid  behind  it.  This  predicts  a  value  of  o.8s  times  the 
klaetie  energy  of  the  turbulence  traversed  by  a  veak  shock 
of  stxangth  s.  The  energy  thus  freely  scattered  uhen  turbulence 
is  eonvected  throu^  the  stationary  shook  save  pattern  in  a 
supersonic  Jet  may  form  an  important  pert  of  the  sound  field 
of  the  Jet. 

Althou^  broadly  based  on  veil  established  principles, 
the  details  of  Idghthill's  theory  involved  nev  techniques 
developed  to  deal  vith  certain  aspects  of  the  aerodynamic 
noise  problem.  The  need  to  relate  the  quadrapole  source 
strength  to  the  details  of  the  turbulence  vas  a  severe  dsmand 
on  the  nev  theory.  Althou^  Li^thlll  succeeded  in  giving 
the  quadrapole  distribution  of  sources  in  terms  of  the  structure 
of  the  turbulence  the  infancy  of  the  theory  of  turbulence  itself 
limits  the  appllcahlll'ty  of  this  development.  At  lov  speeds 
Lif^ittdH  shoved  that  under  certain  conditions  the  fluctuating 
Baynolds  stress  ean  be  tised  as  a  good  ^pproxiioation  for  the 
itress  tensor.  On  this  basis  Proudman  [10]  computed  the 
noise  radiated  by  decaying  Isotropic  turbulence.  This  is  pro¬ 
bably  the  only  qjoantltative  application  of  Ll^thiU's  theory 
feasible  vith  turbulence  in  its  present  state. 

Proudman  assumes  that  the  Reynolds  number  of  the  Isotropic 
turbulence  is  large  and  its  Mach  number  small.  He  indicated 
that  the  noise  appears  to  be  generated  mainly  by  those  eddies 
vhose  contributian  to  the  dissipatiea  of  kinetic  energy  by 
viscosity  is  negligible,  it  is  shovn  that  the  intensity  of 
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sound  at  large  distances  Is  the  same  as  would  result  from  a 
Yolume  distribution  of  sloqple  acoustic  sources  occupying  the 
tuibulmt  region*  Bie  local  value  of  the  sco\istlc  power  out¬ 


put  P  per  mass  of  turbulent  fluid  is  given  approodmatel^  by 
the  formula  _ 


5/2 


idiere  a  is  a  nxanerleal  constant,  u  is  the  mean  square  velocity 
fluctuation,  and  c  la  the  velocity  of  sound*  Tbe  numerical 
value  a  Is  obtained  by  assuming  Heisenberg's  theoretical  spectrum 
of  isotropic  turbulence*  It  Is  found  that  the  effects  of  deciy 
do  not  ccmtrlbute  greatly  to  the  value  of  a* 


In  [11]  Tdfi^thin  published  part  H  of  his  theory  of 
aerodynamic  sound*  This  treats  turbulence  as  a  source  of 
sound*  Ihe  theory  Is  developed  with  sx>eclal  reference  to  the 
noise  of  Jets  for  which  a  detailed  conqparlson  with  experiment 
is  made*  Sie  quadrapole  distribution  of  part  I  is  shown  to 
behave  as  if  It  were  concentrated  in  independent  i>olnt  quad- 
rapoles,  one  In  each  "arerage  eddy  volume*'*  The  sound  field 
of  each  one  of  these  is  distorted  In  favor  of  downstrem 
emlsslom  by  the  general  downstream  motlan  of  the  eddy* 
explsdns  for  Jet  noise  the  marked  preference  for  downstream 
emission  and  its  increase  with  Jet  velocity*  Althou^  tur- 
bxilence  without  any  mean  flow  can  produce  noise  as  shown  by 
Proudman,  the  intensity  is  much  enhanced  by  a  prevalent  shear* 
This  sound  has  a  directional  maximum  at  4^^  to  the  direction 
of  the  shear  flow*  The  acoua^c  efficiency  of  the  Jet  is  of 
the  order  of  magnitude  of  IX)**^  or  ^  idiere  M  is  the  orifice 
Mach  number*  A  consideration  of  idiether  terms  in  the  stress 
other  than  the  fluctuating  momentum  flux  ml^t  become  impor¬ 
tant  in  heated  Jets  Indicates  that  they  should  hardly  ever 
be  dominant*  However,  it  should  be  emphasized  that  whenever 
there  is  a  fluctuating  force  between  the  flow  and  solid 
boundaries  dipole  sources  arise  which  may  be  more  efficient 
than  the  quadrapole  radiation,  at  least  at  low  ttach  mimbers* 

Rlbner  [12]  treated  the  problem  of  interaction  of  turbulence 
with  a  shock  wave*  He  found  that  the  presence  of  a  shock  ware 
provides  a  mechanism  for  the  transference  of  energy  between  the 
modes  of  vortlcl-ty,  entropy  and  sound*  Formulas  for  spectra 
and  correlations  have  been  found  and  numerical 
carried  out  to  yield  curves  of  the  root  mean  Sfuaze  velocity 
components,  temperature,  and  noise  in  db  against  Itoah  number 
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for  the  range  1  <  M  <  •  •  Both  isotropic  and  axiSTinnetric 
initial  tuximlence  have  been  considered. 


Fhillips  [13«  2kf  1^)  and  Curie  [l5]  have  considered  an 
extansion  of  the  Td^^thi] 1  theory  to  include  the  effect  of 
solid  'bo^lndaries•  This  is  a  natural  and  i^^rtant  effect 
since  perticularly  at  lev  Mach  nwoibers  the  g^iadrapole  nature 
of  the  sound  produced  by  a  purely  aerodynamic  source  is  quite 
inefficient.  Ihe  influence  of  rigid  boundaries  is  twofold: 


(l)  reflection  and  diffraction  of  the  sotmd  saves,  and  (2) 
a  resultant  surface  dipole  distribution  at  the  solid  boun¬ 
daries  uhich  are  the  limits  of  Ii^thill*s  qywdrapole 
distribution.  It  is  shovn  that  these  effects  are  exactly 
equiyalent  to  a  distribution  of  dipoles  each  representing  the 
force  vlth  uhich  unit  area  of  the  solid  boundary  acts  on  the 
fluid.  A  dimensional  analysis  shoos  that  the  intensity  of 
sound  generated  by  the  dipoles  should  at  large  distances  x 

be  of  the  general  foxn  p  U  ^a  . 

o  o  o 


Sie  theory  developed  by  Curie  [15]  has  been  applied  by 
Phillips  [1^,17]  And  Kraichnan  [1^-22]  to  the  generation  of 
sound  by  turbulence  over  an  infinite  flat  plate.  The  generation 
of  noise  by  the  interaction  of  the  turbulence  vlth  the  solid 
boundaries  has  been  named  by  Fhillips  as  the  aerodynamic  surface 
sound.  If  the  motion  of  the  fluid  over  the  plate  is  statistically 
homogeneous  in  planes,  parallel  to  the  plate  then,  he  conclxides, 
the  radiated  dli>ole  sovind  vanishes.  is  said  to  be  a 

consequence  of  the  vanishing  of  the  square  momentum  per 
xmlt  area  of  the  shear  layer.  Houever,  vhen  the  motion  is  not 
homogeneous  in  this  fashion  a  non*«Aro  acoustic  radiation  field 
nay  be  set  ^q>.  Therefore,  it  is  suggested  that  a  semi-infinite 
flat  plate  placed  in  a  uniform  stream  should  produce  a  finite  dipole 
radiation  per  xmit  area  idiich  becomes  vanishingly  small  vlth  increas¬ 
ing  distance  dovn  the  plate. 


Most  of  the  experimental  voxk  to  this  time  on  Jet  aircraft 
had  centered  on  the  engine  Itself  as  the  primary  source  of  noise. 
Houever,  the  theoretical  vortc  of  idffrthm  and  those  idio  folloved 
indicated  that  boundary  layer  noise  from  turbulence  vould  contribute 
to  In-fli^t  noise  of  the  aircraft.  Ih  this  li^t,  experimental 
vork  on  noise  from  taidyulent  shear  flovs  began  to  appear.  Coles 
[23]  and  Harrison  [24,23]  made  measurements  in  the  boundary  liyer 
on  a  smooth  flat  plate  in  supersonic  flov.  ^n  situ  measurements 
of  the  aerodynamic  noise  and  boundary  layer  profile  for  an  air¬ 
plane  vlng  vere  made  by  Mull  and  Algranti  [26]  and  McLeud  and 
Jordan  [2?].  These  indicated  that  the  velocity  profiles  of  the 
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boundary  layer  were  elailar  to  the  typical  experimental  turbulent 
boundary-layer  Telocity  profiles.  The  ratio  of  the  root-mean- 
s^piare  sound  pressure  on  the  surface  to  the  free  stream  dynamic 
pressure  vas  found  to  decrease  linearly  vith  increasing  Mach 
number  iq?  to  about  M  *  0.^^  and  remain  constant  from  theire  up  to 
the  Ulmltlng  >fach  number  of  the  airplane.  A  sharp  Increase  in 
the  sound  pressure  near  the  Uniting  Mach  number  of  the  aircraft 
UBS  attribitted  to  local  shock  formation  on  the  ving. 

It  can  be  seen  that  if  the  turbulent  boundary  layer  around 
an  aircraft's  fuselage  is  an  Important  source  of  sound  for 
Tehicles  in  fli^t  then  this  viU  also  be  a  significant  mechanism 
for  the  production  of  noise  Inside  the  hull.  In  this  relation 
Ribner  [28]  and  Coreos  [29]  hare  esqplored  the  noise  induced  in 
the  interior  of  Jet  aircraft  by  a  turbulent  boundary  noise.  The 
ooise  produced  here  is  more  profound  that  studied  theoretlcaUy 
prerlously  since  the  shell  of  the  airplane  msy  act  as  a  sound  board 
and  Tibrate  Itself.  It  is  assumed  'Uiat  the  fluctuating  pressure 
distribution  Induces  ripples  on  the  skin  of  the  aircraft.  The 
acoustic  effects  of  such  ripples  in  an  infinite  sheet  are  exmnlned. 
Stqpersonlc  morlng  ripples  case  strong  sound  in  the  form  of  ttach 
eares  chile  subsonic  ones  radiate  no  sound.  Formulas  for  the  » 
sqiMure  surface  pressure  and  energy  flux  are  obtained  for  an  ideal¬ 
ized  turbulent  pressure  spectrum.  Tbe  results  are  ad^^ted  to  a 
practical  fuselage. 

m  Proudman's  [10]  analysis  of  noise  from  isotropic  turbulence 
the  evaluation  of  the  numerical  constant  a  cas  made  based  on  the 
assumption  of  Heisenberg's  theoretical  spectrum.  Muller  and  Matchat 
[30]  and  Mawardi  [31]  have  extended  khalr  results  to  shoe  the 
dependence  of  a  on  time.  The  authors  Infer  from  their  computations 
that  reduction  in  eddy  size  msy  have  an  Important  effect  on  the 
noise  produced  by  turbulence.  H.  3.  Bibner  (App.  Mech.  Rev.  5801) 
disagrees  with  this  on  the  basis  that  the  eighth  power  dependence 
on  turbulent  veloei'ty  far  outweighs  the  weak  effect  of  eddy  size. 

A  great  deal  of  the  work  done  on  aerodynamic  noise  with  and 
without  cotqpling  to  solid  boundrles  Is  accounted  for  by  ^^gT-**** 
and  Canadian  sclantiata.  !Q]e  work  in  Canada  in  thia  area  ia 
reviewed  by  Etkln  and  Sibner  [32].  The  specific  theormtieal  aad 
e:q)erimental  Investlgatlcms  described  include:  Aeolian  tames, 
boundary  layer  noise  (rigid  and  flaxibls  wall);  effects  of  bowndary 
layer  noise  on  aircraft  structures;  distribution  of  noise  sources 
•long  a  Jet;  ground  run  up  anfflers;  transmission  of  sound  from, 
and  acoustic  energy  flow  In^  a  moving  medimn;  sound  generated  by 
by  interaction  of  a  vortex  with  a  shock  wave. 
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In  a  separate  report  Rlbner  [3?]  luui  discussed  tbe  distribution 
of  noise  sources  along  a  Jet*  This  Is  Investigated  by  application 
of  T4I thill *s  theory  to  regions  of  "slnilar"  profiles*  The  analysis 
refers  to  the  noise  power  emitted  by  a  "slice"  of  the  Jet^  (l*e*  the 
section  foxned  by  two  planes  noznal  to  the  axLs)^  as  a  function  of 
distance  x  of  the  slice  from  the  nozzle*  It  is  found  that  this  power 
is  essentially  constant  vlth  x  in  the  initial  mixing  region  (x^  law)  > 
then  further  downstream  (say  8  or  10  diameters  from  the  nozzle)  falls 
off  extreaeiy  fast  (x***^  law  or  faster)  in  the  fully  developed  Jet* 
Because  of  this  striking  attenuation  of  strength  with  distance  it  is 
concluded  that  the  oajorl'ty  of  noise  by  such  a  Jet  is  generated  in 
the  mixing  region  and  very  little  comes  from  the  fully  developed  jat* 
A  qualitative  interpretation  is  given  for  Powell's  experiments  and 
the  behavior  of  multiple  nozzle  or  corrugated  mufflers,  both  as  to 
overall  quieting  and  freq^iency  shifting,  is  also  Interpreted  in  the 
light  of  the  results. 

Bibner  [3^]  has  also  studied  tbe  flow  of  acoustic  energy  in  a 
moving  medium*  CoBQtarlson  of  three  authoss  (Blokhlntsev  [8],  Johnson 
and  Laporte  [36],  and  Bibner  [23],  is  made  for  similarities  and 
discrepancies  and  an  attempt  is  made  to  infer  a  correct  fozanlatlon* 
He  attempts  to  show  by  means  of  examples  how  variations  in  the 
velocity  of  a  stream  carrying  acoustic  energy  in  the  form  of  plane 
waves  can  change  the  "linear  theory”  acoustic  energy  densi'^  from 
positive  thxouj^  zero  to  negative,  with  corresponding  changes  in 
the  energy  flow* 

The  acoustic  radiation  from  isotropic  turbulence  has  also  been 
studied  by  Meeeham  and  Ford  [37]*  Their  aim  is  to  Study  the  features 
of  this  sound  which  is  independent  of  the  manner  in  tAieh  it  is 
produced.  Ihrou^  the  use  of  the  lavier-Stokes  equation  lighthiU's 
expression  for  the  acoustic  radiation  is  expressed  in  terms  of  a 
single  variable  for  very  large  Beynold's  numbers*  A  new  lagranglan 
'^rpe  of  correlation  is  defined  in  such  a  way  that  a  similarity 
argument  can  be  applied  without  difficulty  from  the  convective 
effects*  Such  convective  effects  then  only  enter  through  negligible 
Doppler  shifts*  tlslng  this  slmllarl'ty  results  and  LighthiU's 
formulation  the  self  noise  power  spectrum  for  the  turbulence  is 
found*  This  spectrum  at  the  hi^  frequency  end  is  proportional  to 

^^(i*e.  w  >  >  a  K/l)  vdiere  w  is  the  acoustic 
o 

frequency,  M  for  the  turbulence,  L  for  the  turbulent  eddies,  and  c 
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Is  the  velocl-ty  of  sound.  At  the  hl^  fregueney  end  this 
spectrum  is  also  Independent  of  the  drlTi^  mechanism.  Further- 
moire,  the  spectrum  Is  proportional  to  u  IT  at  the  lov  freq^ieneles 
and  depends  on  the  large  scale  eddies  there. 

LighthlU's  theory  of  aerodynamic  sound  Is  for  noise  produced 
by  flows  without  coupling  to  solid  boundaries,  tfhlle  this  Is 
fundamental  to  an  understanding  of  aerodynamic  noise,  practical 
considerations  demand  attention  to  the  effect  of  the  coupling 
between  the  solid  boundaries  of  the  flov  and  the  noise  produced 
by  It.  ^  conneotian  with  this  the  oulqput  of  a  sound  source  In 
reflecting  enrlronments  was  studied  by  Vatexhouse  [38].  Hie  obtains 
the  output  of  simple  point  and  dipole  sources  as  functions  of  source 
position  by  the  method  of  Images  and  a  theorem  due  to  Rayleic^  on 
the  output  of  groves  of  simple  sources.  Die  cases  of  a  dipole 
source  near  a  reflecting  plane  and  a  simple  source  near  a  reflecting 
edge  and  comer  are  treated,  and  the  effect  of  band  width  of  the 
soxirce  Is  considered. 

In  an  application  of  this  technique  Waterhouse  has  studied  the 
sound  power  output  by  siibsonlc  Jets  by  a  reverberation  chamber 
techxilque.  Velocity  profiles  with  round  and  sqjoare  distributions 
were  studied  In  conjunction  with  nozzles  of  various  shapes.  Sie 
frequency  limitation  of  the  reverberation  chamber  technique  was 
found  to  be  ^KC  due  to  absorption  by  the  air. 

In  Lljd^thlU's  theory  Jet  noise  Is  generated  by  fluctuating 
Reynolds  stresses  (quadrapoles)  within  the  Jet.  Much  of 

the  work  done  theoretically  In  the  area  of  aerodynamic  noise  has 
centered  on  the  determination  of  the  source  strength  (dipole 
and  quadrapole)  lAlch  the  Reynold's  stress  is  equivalent  to. 

However,  since  the  extremely  difficult  problem  of  determining 
the  nature  of  the  turbulent  Jet  has  been  exchanged  for  the  much 
simple  one  of  finding  equivalent  distributions  of  sources 
the  Inherent  difficulties  of  the  problem  appear  elseidiere.  For 
example,  since  one  enrlslons  the  sources  as  being  in  the  Interior 
of  the  Jet,  the  radiation  >rtilch  eventually  reaches  the  relatively 
stationary  medium  has  been  altered  by  the  convective  motion  of 
the  sources  and  reflection  end  refraction  at  the  boundaries  of 
the  Jet. 

Cheng  1)**  attempted  to  treat  this  problem  by 

hypothesizing  "Image"  cells  of  q:uadrapoles  on  the  surface  of  the 
Jet.  He  seeks  to  relate  the  location  and  directional  radiation 
of  these  images  to  those  In  the  Interior  by  an  estimate  of  plane 
wave  refraction.  It  Is  true  that  there  may  exist  a  distribution 


of  •ourees  In  the  quieeent  air  vhlch  vlU  prorlde  the 
aeonatlc  field  as  the  Jet,  However,  it  seems  xmllkely  that 
these  are  related  in  any  simple  fashion  to  the  interior 
q>iadrapoIes  Inasnueh  as  detezmlnatlon  of  acoustic  ^nMigfe  by 
refraction  throu£^  a  curved  surface  is  fallacious. 

lakan  and  Mull  [lia]  studied  the  problem  of  the  effect  of 
forward  velocity  on  sound  pressure  for  a  whole  Jet  engine  in 
flight  by  means  of  a  moving  microphone  on  the  alreraft.  They 
found  no  detectable  difference  caused  by  Increase  in  speed  of 
the  airplane. 


The  noise  of  a  turhulent  Jet  was  studied  by  Powell 
He  considers  a  similarity  arguaent  for  Jets  of  varying  dlaensloos. 
Using  the  idealised  estimate  that  each  slice  of  the  cross  section 
of  the  Jet  emite  a  single  frequency  he  found  a  low  frequency  speetrtai 
dependent  on  U?  D^f^  idille  the  hl{^  frequency  part  dei>ends  on  Jf  ^Df 
^J  ^  *  Wlcal  turhulent  velocity,  D  is  the  diameter  of  ihe 
Jet,  ana  f  is  the  frequency  of  the  turbulence,  overall  nfri se 
level  still  depends  on  U  There  is  a  strong  indication  that 

the  peak  of  the  noise  spectrum  should  emanate  from  the  region 
to  the  end  of  the  potential  cone,  probably  fremi  a  little  downetxeam 
of  it.  Bila  analysla  la  very  alnllar  to  that  applied  by  H.  S,  Rlbner 
[33)  •  Below  la  reproduced  a  table  given  by  Powell  which  related 
similarity  theory  and  es^rlment. 


Quantity 


Boise  power 


Slgoiglcant 

physical 

variables 

l!/ 

P 

a 


Peak  frequency 


High  frequency 
spectrum 


iPt” 


Low  frequency 
spectrum 


Similarity 

Experiment 

References 

theory 

0  <  €  <  2 

€  -  0 

a,  b 

a  -  8 

a  -  8 

d,e,a,b 

P  -  2 

P  -  2 

e,a,b 

a  -  1 

CK  1,  0,5 

P  -  1 

p  - 1 

e 

0  <  €  <  2 

7.9  <  a  <  10 

e,h 

am  9 

0.5  <  p  <  1 

e,h 

p  - 1 

-^  <  a  <  -2 

e,a,b,h 
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a*  gallagahm  and  CoIm  (19^) 
b.  Bollln  (19^) 

e.  IdMitaroA  OiblMa*  (^992)) 
d.  Fltspatrlck  and  Lae  (19^) 
a.  I^lar  and  Parry  (1955) 

f.  Cola,  at.al.  (1957) 

g.  Garrard  (195^) 


It  ia  aaan  that  much  of  the  dlfflcul-^  of  applying  Id^thlll'a 
'^^**®*y  liaa  In  the  conceptual  difficulty  of  the  acouatlc  quadrapolaa 
p  U  U  .  Serarml  authoss,  Neaetet  and  Pord  (36];  Coreoa  [1^9,50]; 
RLhnar  [51,33],  have  eonaldarad  a  thaozy  haaad  on  the  replacanent  of 
the  qoadrapolaa  by  almple  sourcaa.  Sia  form  of  the  aftaatlon  of 
propagation  la  found  to  be 


la  the  portion  of  the  praaaura  containing  all  the  conpraaalbiUty 
affaeta,  and  p(®)  la  the  portion  of  the  praaaura  due  to  Incooqpraaalbla 
flov  and  aatlaflaa  the  aq;uatlon 


irtiara  p  la  the  ambient  deaai'typ  the  tazn  2  2 

o  c  Dt 

o 

rapzaaenta  a  denalty  of  aliiq;>le  aourcaa.  The  aourcaa 
IndlYldually  non-dlrectlonal  rapraaant  the  directional  char- 
actarlatlca  of  Jata  through  their  diatrlbution*  Further 
directionality  cornea  about  by  refraction  of  the  aound  field 
by  the  mean  ahear  flov. 


For  unbounded  lav  apaad  flova  the  agulTalanca  of  the 
allele  aourea  method  and  Llg^thiU'a  method  have  bean  examined 
by  Ribner  [55l«  For  bounded  flova  (l.e.  Into  account 

the  rigid  aurface  ea»ia1ng  the  turbulence)  the  Toltmie  Integral 
of  almple  aoxireea  atlU  deacrlbea  the  radiation  to  the 
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dlstrlbated  quadmpolas  one  muet  append  a  surface  integral 
of  dipoles.  Rlbner  states  that  sinllarlty  conditions  for 
Jets  not  onijr  recorer  the  law  for  total  noise  power  but  also  the 
newer  laws  describing  the  distribution  of  noise  energy  with 
distance  z  along  the  Jet:  these  are  reported  to  decrease  as 
zP  (constant)  for  the  mizing  region  with  a  transition  to  z~^ 
for  the  fully  dsreloped  Jet.  Calculations  for  a  siiaulated  Jet 
show  hov  narrow  fre^piency  of  the  source  speetrum  appear 

greatly  broadened  by  conrectlon  of  the  sources  i>ast  the  observer. 
Corresponding  calculations  for  the  radiated  sound  field  auto- 
natlcally  produce  the  correct  Doppler  shifted  frequencies  without 
Implicit  Introduction  of  the  shift.  technique  been 

greatly  employed  and  studied  in  the  following  years  and  does 
prorlde  a  slnpler  conceptual  vlev  of  the  noise.  It  does  not, 
however,  eliminate  the  fundamental  difficulty  in  the  study  of 
aerodynamic  noise,  that  of  the  structure  of  the  turbulent  flow. 

I^er  has  studied  the  axial  distribution  of  sources 

in  a  turbulent  Jet.  It  is  shown  that  they  can  be  found  from: 

(l)  the  spectrum  of  total  radiated  power  and  (2)  the  frequency 
of  the  sources  as  a  function  of  location  along  the  Jet  azls. 

[Note  that  this  information  is  experimentally  available  and 
throws  ll^t  experimental  1y  on  the  problem  Just  mentioned.] 

With  the  use  of  existing  data  on  the  sound  power  spectrum 
and  recently  reported  data  on  the  frequency  dex>endence  of  the 
most  probable  source  location,  an  approximate  distribution 

is  derived. 

Willmartk  [^,6]  and  Favr*  at  al  [^]  has  Studied  the  space 
time  correlations  and  wall  pressure  beneath  a  fluctuating  boimdary 
layer  e3g>eri3Ben tally.  It  is  found  that  the  ratio  of  the  root  mean 
square  wall  pressure  to  the  free  stream  dynamic  pressure  is  a 
constant  vp2/ qp,  ■  ,006  independent  of  Mach  number  Reynolds 
nmber.  ^  addition  spacetime  correlations  in  the  stream  direction 
show  that  pressure  fluctuations  \diose  scale  is  greater  than  0.^ 

■tines  the  boundary  layer  thickness  are  convected  with  the  convection 
speed  -  0.82  where  is  the  free  stream  velocity,  and  have 
lost  their  identity  in  a  distance  approjdmately  equaiL  to  ten 
boundary  layer  thicknesses . 

In  a  related  sense  to  the  above  experiments  Wilson  [^7] 
studied  experimentally  the  noise  generated  by  turbulent  flow 
around  a  rotating  cylinder. 
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In  an  atteopt  to  rslato  tha  fiar  riald  acoustic  characteristics 
to  the  flov  variables  for  Jets^  sttch  as  rocket  exhausts^  ahlch  attain 
siqtersonlc  velocity  Semes  studied  the  slmilarl'^  relations 

for  such  ;)ets.  In  order  to  do  this  the  Jet  eas  divided  into  two 
regions:  (l)  a  region  of  mixed  subsonic  and  supersonic  flows  and 
(2)  a  region  of  ccaipletely  subsonic  flov  downstream*  It  has  been 
shown  experimentally  tbat  the  subsonic  region  possess  mean  flow 
characteristics^  such  as  veloci'ty  profile^  similar  to  those  for  a 
eong>leteIy  subsonic  Jet*  Ibe  similarity  relations  specifically 
discussed  are  the  total  acoustle  power  levels  power  spectrum, 
directivity,  mean  sqpiare  pressure  spectrum,  and  pressuire 

pzobablllty  density*  These  relations  are  first  derived  and  thai 
correlated  with  experimental  data  obtained  from  noise  studies  of 
various  sixes  of  cold  and  hot  air  Jets  as  well  as  tuxbojet  engines* 
Good  agreement  between  the  predicted  and  experimental  values  of 
these  parameters  was  obtained  for  subsonic  flov  and  for  all  but 
the  total  acoustic  power  for  siqpersonic  flow*  Portions  of  the  results 
from  •fcMa  work  is  given  in  the  section  on  experimental  data. 

In  analyses  of  the  sound  field  produced  by  turbulence  the 
multipole  source  for  the  field  is  given  by  the  fluctuating 
turbulent  stress  tensor  T  *  However,  to  a  static  observer, 
much  of  this  fluctuation  is  due  to  convection  of  a  spatial  flov 
pattern  which  slowly  with  respect  to  the  time  scale  of  the 

stress  tensor*  By  analysing  the  turbulent  structure  according  to 
a  frame  of  reference  idiich  Bioves  with  the  tuxbuleace  Ffoves  Williams 
[2]  rmasved  this  fluctuation*  Qie  equations  governing  the  acoustic 
output  idien  written  in  this  coordinate  system  are  functions  of  the 
qmadrapole  strength  alone*  These  equations  show  the  inq>ortant  effect 
of  convection  on  the  acoustic  field  produced  by  turbulence*  Oie 
total  acoustic  power  emitted  from  a  region  is  enhanced  by  convection 
and  the  radiation  field  no  longer  exhibits  the  characteristic  symnetry 
shout  the  quadrapole  axes*  The  sound  Is  ^nrored  for  downstream 
emission*  Bie  basic  result  of  this  psper  is  tbat  the  intensi'ty  of 
acoustic  radiation  from  a  flow  where  the  eddies  convect  throvi^  a 
finite  volume  but  only  exist  within  tbat  volume  depends  on  the 
Mach  number  according  to  the  factor  (1-M  coa  9)‘*^(1  +  N  cos  d), 
where  M  is  the  Mach  number  of  the  eddies  and  -N  that  of  the  source 
volume* 

In  a  second  article  Ffowes  Will  lama  [3l  has  analysed  homo- 
geneoxiB  convected  turbulence  by  the  same  technlqioe*  Experimental 
techniques  for  measuring  the  velocity  of  convection  are  diacuaaed 
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and  SOBW  properties  of  acoustic  sources  in  conveeted  tux^bulence 
are  considered  and  particular  reference  is  aade  to  Jet  mixing 
regions. 

Skudrspk  and  TaUMls  [60]  has  attsapted  to  predict  the  lerels 
of  boundaxy-lagrer  noise  and  the  noise  produced  liy  surface  rou^- 
ness  as  a  function  of  the  speed  and  the  frequency  on  the  basis  of 
flov-noise  studies  vlth  a  rotating  cylinder  and  neasuraaents  in 
the  boundary  layer.  Ibis  sorlc  vas  applied  to  experlaental  results. 

Powell  [61-63]  bas  considered  once  more  the  problau  of  aero¬ 
dynamic  noise  and  the  plane  boundary.  It  has  been  mentioned  before 
that  if  one  wlshaa  to  Include  the  effects  of  solid  boundaries  into 
T.iflhthin*e  theory  it  is  necessary  to  append  to  the  response  due 
to  the  distributed  qiiadrapoles  a  surface  integral  over  dipoles 
created  by  a  force  analogous  to  the  Kutta-Joukowaky  lift  force. 

Ih  certain  situations  an  argument  can  be  made  to  the  effect  that 
these  dipole  forces  yanlsh  ("reflection  principle”).  Powell  states 
that  Image  principle  is  dereloped  in  a  rigorous  manner  and  the 
apparent  paradox  is  resolved  with  the  help  of  an  extension  of 
LiCd^thlU's  and  Curie's  analyses  to  include  boundaries  which  are 
not  idioUy  Immersed  in  the  sound  generating  flov.  Ihdeed  it  is 
reported  that  the  pressures  exerted  on  the  plane  boundaries  are 
simply  reflections  of  the  quadrapole  generators  of  the  flov  itself. 
Th\is,  the  pressure  dipoles  account  for  an  enhancement  of  the  quadra- 
pole  power,  in  fact  a  quadrtqpllng  when  the  wave-length  is  large, 
except  that  degeneration  into  oetapoles  occurs  for  those  latteral 
quadrapoles  of  the  ^rpe  that  would  be  associated  vlth  fluctuations 
across  the  shear  of  an  adjacent  boundary  layer*  Older  these 
circumstances  it  should  be  possible  to  estimate  the  aolse  of  a 
plane  turbulent  boundary  layer  vith  satiifOetory  accuracy  from 
sufficient  knowledge  of  the  principal  quadrapole  source  strength 
alone. 


Ll^thill  himself  observed  a  paradox  in  the  u  velocity 
dependence  of  the  acoustic  power  coupled  with  the  strongly 
directional  character  of  Jet  noise.  Pofwell  [6k]  suggested  that 
if  the  noise  generators  of  t^bulent  Jets  undergo  convection 
effects  idilch  are  limited  in  such  a  way  as  to  follow  similarity 
behavior  this  paradox  can  be  resolved  directly*  This  hypothesis 
is  said  to  be  at  least  plausible  to  a  first  approximation  owing 
to  the  general  velocity  field  of  the  Jet  having  typical  dimensions 
conparahle  to  a  fraction  of  the  wavelength.  An  li^rtant  correllary 
is  the  expectation  of  appreciable  refractiiin  effects.  Aspects 

relevant  to  the  directional  peaks  of  the  higher  frequencies,  belxig 
less  pronounced  and  located  further  from  the  Jet  axis,  are  discussed. 
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In  coiuMCtlon  with  the  refraction  effect#  mentioned  in  the 
previous  paper  Gottlieb  [6^]  ha#  studied  the  sound  field  result¬ 
ing  from  a  source  placed  near  a  velocity  dlscontlnui'^*  Fourier 
zvpresentations  of  the  source^  reflected,  and  refracted  naves 
axe  used.  Applications  of  the  method  of  stationary  phase  is 
used  to  obtain  the  far  field.  It  is  found  that  this  far  field 
is  strongly  pehhed  in  some  directions  and  reduced  in  others. 
These  are  Illustrated  graphically. 


Blbner  [53]  and  Povell  [66]  effect  of  a  moving  souzee  on 
the  resulting  acoustical  field.  !lhey  reported  that  a  high 
frequency  source  Imbeded  in  a  patch  of  moving  fluid  emltts  a 
constant  acoustic  power  Independent  of  the  motion,  although 


the  directivity  is  altered.  This  holds  when  the  vavelength  is 
less  than  the  radius  of  the  moving  region.  At  the  other  extreme 
of  low  frequencies  it  appears  that  the  acoustic  power  is  enhanced, 
somewhat  as  the  emission  of  a  source  is  enhanced  by  movement 
through  a  fluid  at  rest.  T^lcal  wavelength  of  a  radiating  eddy 
in  a  Jet  lies  somewhere  between  the  two  extremes  and  a  limited 
convective  enhancement  of  the  power  is  inferred.  Cie  amount 
should  be  less  than  that  predicted  by  Lighthill;  it  could 
conceivably  lie  within  experimental  error  accounting  for  the 
Tery  close  adherence  to  the  vr  lav. 


Dyer  and  Franken  [67]  Chobotov  and  Povell  [68],  and  Eldred 
[69]  have  given  an  account  of  the  general  noise  environments  of 
flight  vehlcleo.  Amplitude  and  space-time  correlations  are  given 
for  noise  due  to  the  turbulent  exhaust  stream  of  a  motor  and  it 
is  shown  that  the  noise  associated  with  the  turbulent  wake  of  a 
fli^t  vehicle  is  qualitatively  similar  to  it  but  that  the  most 
intense  radiation  is  directed  up  stream.  Other  noise  sources 
considered  to  be  of  practical  significance  are  boundary  layer 
pressure  fluctuations  and  shock  oscillations. 


Doak  [70]  has  considered  the  acoustic  radiation  from  a 
turbulent  fluid  containing  foreign  bodies  of  arbitrary  shape. 

The  problem  is  formally  solved  in  terms  of  Green's  functions. 

It  is  shown  that  is  fluctuations  in  the  fluid  are  locally 
isentropic  the  volume  source  distribution  of  the  pressure 
fluctuations  is  quadrapole.  A  prtx>f  is  given  of  the  proposition 
that  when  arbitrary  obstacles  are  Immersed  in  a  fluid  all  dipole 
radiation  must  come  from  surfflice  distributions  on  these  bodies. 
It  is  also  proved  that  if  the  density  fluctuations  or  normal 
densl'^  gradient  fluctuations  vanish  on  the  surface  then  there 
is  no  dipole  radiation.  The  total  acoustic  power  radiated  by 
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a  tuximlent  boundary  la^r  on  an  Infinite  rigid  plane  la 
eatlnated  aa  a  rapxeaentatlve  exaBq;>le  of  acooatlc  radiation  from 
a  tuztmlent  boundary  layer. 

Qa  tbe  experimental  aide  Houea  [71],  Oerrand  [72],  Lauter 
[73],  Laurence  [7^^]  Idllay  [75]  and  Mull  [76,77]  have  etudled 
pzeaaure  fluctuatlona  on  the  boundary  of  a  aubaonlc  Jet.  A 
aeml-eqplrlcal  analyala  of  the  equation  for  Inconqpreaalble 
fluctuatlona  In  a  turbulent  fluid,  ualng  almllarlty  relatlona 
for  round  aubaonlc  Jeta  vlth  uniform  exit  Telocity,  la  uaed 
to  predict  the  ahape  of  the  time-averaged  fluctuatlon-preaaure 
dlatrlbutlon  along  the  mean  velocity  boundary  of  Jeta.  !Qie 
predicted  dlatrlbutlon  la  Independent  of  the  dlatance  dovnatream 
of  the  nozzle  exit  along  the  mixing  region,  Inveraely  proi>ortlonal 
to  the  dlatance  dovnatream  along  the  region  of  mean  velocity  aelf 
preaervatlon,  and  proportlcmal  to  the  Inverae  aquare  of  the 
dlatance  dovnatream  along  the  fully  developed  region,  ivx* 
experimental  data  vaa  In  fair  agreement  vlth  theae  predlctlona. 
However,  the  meaaured  fluctuatlon-preaaure  dlatrlbutlon  vere 
found  to  be  very  aenaltlve  to  Jet  tenperature  and  velocity  profile, 
particularly  In  the  vicinity  of  the  nozzle. 

Biea  [78]  haa  generalized  the  yoA  of  Ingard  and  ti««^  [79] 

In  Inveatlgatlng  the  effect  of  a  reflecting  plane  on  an  arbitrarily 
oriented  multlpole.  Be  flnda  that  for  a  dipole  a  dlatance  h  above 
an  Infinite,  rigid  reflecting  plane  the  ratio  of  the  acouatlc  power 
^^'A^imted  to  that  radiated  In  the  abaence  of  a  plane  la 


H  H 

+  (1  >  i/H  ([1-^]  aln  H  +  I  coa  H  )  coa^e 

where  d  la  the  angle  of  the  dipolea'  with  the  normal  to  the 
plane  and  H  ■  Iwh/X.  Similar  expreaalona  are  found  for  the  quad** 
repole.  Die  large  varlationa  In  radiated  power  obaerved  for  a 
a Ingle  multlpole  tend  to  diminish  for  a  dlatrlbutlon  of  auch 
polea. 


A  Jet  or  rocket  engine  and  Ita  email  scale  model  are  examples 
of  dynamically  similar  systems  If  the  engines  are  geometrically 
scaled  and  If  average  velocities,  teoqperature,  and  densities  are 
the  same  at  similar  locations.  When  the  appropriate  scaling 
relationship  for  pressiire  fluctuatlona  has  been  established  for 
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such  similar  systems,  the  model  can  be  used  as  a  tool  for  the 
investigation.  Such  relationships  have  been  studied  by  Morgan 
and  Sutherland  [8o,8l].  it  is  found  that  pressure  fluctuation 
anqplltudes  at  similar  posltloos  are  the  sane  lAwn  measured  in 
constant-percentage-frequency  bands  and  lAen  the  frequency  is 
scaled  Inversely  proportional  to  a  characteristic  length. 

Several  of  the  previous  references  have  treated  the  sound 
from  an  aerodynamic  source  as  being  generated  by  fluid  dilations 
only  and  hence  as  a  volmie  distribution  of  sijqple  soiirces.  Fovell 
[82, ^,84]  states  that  physical  reas<»iing  suggests  that  aerodynamic 
sotmd  from  free  flows  may  be  attributed  to  local  fluid  dilations 
accompanied  by  local  fluid  aeeelerations,  the  former  acting  as  a 
source  field  and  the  latter  as  a  field  of  dipoles  which  reduce  to 
qoadrapoles.  A  stq>porting  mathematical  method  is  given.  It 
discloses  the  formal  xieed  for  an  additional  surface  Integral. 

In  the  1961  Bakerlan  Lecture,  M.  J«  T.^gh■fch^^^  [8^]  surveyed 
the  field  of  sound  generated  aerodynamically.  Ihe  author's 
original  theory  of  sound  radiation  fields  'idiich  are  by-products 
of  airflows  has  been  extended  and  Isqproved  by  Curie  and  Ffowes 
Williams.  It  is  explained  in  this  lecture  fully  but  simply,  and 
used  as  a  frameworic  for  short  analyses  of  our  experimental  knowledge 
on  pulse-jet  noise,  hydrodynamic  sotmd  generation,  aeollan  tones, 
propeller  noise,  and  boundary-layer  noise  as  well  as  for  a  someiAat 
extensive  discussion  of  the  noise  of  Jets,  both  stationary  and  In 
flight.  Improved  knowledge  of  space- time  correl'itions  in  turbulent 
flow  is  used  to  throw  new  light  on  the  noise  radiated  by  turbulent 
boimdary  layers,  as  well  as  by  Jets  4t  the  higher  Mach  numbers. 
Supersonic  bangs  and  the  scattering  of  both  sound  and  shock  waves 
by  turbulence  are  briefly  touched  tq>on.  Ihe  lecture  ends  with  a 
discxisslon  of  the  methods  used  for  the  reduction  of  Jet  aircraft 
noise  in  the  light  of  our  knowledge  of  its  physical  basis. 

Morgan,  Sutherland,  and  Young  [80]  have  studied  the  use  of 
Acoustic  Scale  Models  for  Investigating  Near  Field  Noise  of  Jet 
and  Rocket  Engines.  Analytical  and  experimental,  studies  were 
made  to  examine  the  feasibility  of  tising  acoustic  scale 
for  near  field  noise  investigations.  Analyses  show  that  the 
impoirtant  characteristics  of  noise  generation,  propagatlan,  and 
measiirement  can  be  sealed.  A  relatively  fSw  deviations  from  this 
Involve  small  errors  which  are  generally  negligible  in  the  xiear 
field.  !Qie  most  stralfd^tforward  model  is  seen  to  be  one  idilch 
dxipllcates  the  gas  flow  parameters  of  the  full  scale  engine.  *1^* 
validity  of  such  models  has  been  demonstrated  by  a  series  of  exhausts 
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and  vhetlier  In  a  frea  field  or  in  the  praaance  of  objecta  vhieh 
interfere  vith  the  flov,  aneh  aa  shaped  noxslea  and  flane  deflectors. 
It  is  further  detendned  both  analytically  and  expeii  am  tally  that 
BodelSy  in  certain  eaaea^  iMy  be  simplified  vithout  Imparing  the 
results  of  a  scaled  test.  Coosideratlons  in  slaplifying  a  aodel 
incliide:  reduction  of  the  noszle  aize;  absence  or  presence  of 
reflecting  surfaces;  use  of  feser  than  the  full  scale  miniber  of 
engines;  use  of  a  substitute  gas  shich  is  different  frca  and 
at  a  lower  teaperataxe  than  that  in  the  full  saale  engine. 


In  another  ezperlaental  pegwr  Bull  and  Willis  [86]  give 
results  of  inrestigatians  of  the  surface  pressure  field  due  to  a 
tuxbtQent  boundary  layer.  Sjqperlaental  results  for  the  space-tiae 
correlations  of  the  fluctuating  pressure  field  of  a  turbulent 
boundary  layer  are  gfran^  and  a  enpirieal  representation  of  the 
pressure  field  suitable  for  structural  response  calculations  is 
put  forward.  Yariation  with  Nash  nunber  of  r.  a.  s.  pressure  as 
a  function  of  nkin  friction  is  glren  for  tfaeh  numbers  vqp  to  about 
1.6.  Ihe  probabili'^  distribution  of  the  pressure  fluctuations  at 
a  fl»d  point  in  the  field  is  found  to  approxlaate  closely  to 
Gaussian.  The  acoustic  power  output  fren  a  boundary  layer  on  a 
larger  boundary  surface  is  obtained  as  rou^ily  2.10‘*^p^I^  S/a£  . 
Spectra  of  boundary  layer  noise  la  two  Jet  aircraft  are  presented 
and  ccnqpared  with  the  spectrum  of  the  boundary  layer  exsitatlon. 


In  an  experimental  paper  Willmarth  and  WoOlrldge  [87]  measured 
the  fluctuating  pressxire  at  the  wall  beneath  a  thick  turbulent 
boundary  layer.  Qie  data  Include  the  mean-square  pressure,  power 
fpactrom  of  the  pressure,  spaoe-tlme  correlation  of  the  pressure 
transverse  to  the  stream.  The  root*4Bean-square  pressure  at  the  wall 
was  2.19  times  the  wall  shear  stress.  Ihe  power  spectra  of  the 
pressure  were  found  to  scale  with  the  free-stream  speed  and  the 
boxmdary-layer  displacement  thickness.  A  few  tests  with  a  rough 
surface  shoved  that  the  Increase  in  rootHaean-square  wall  pressiire 
was  greated  than  the  Increase  in  wall  shear  stress,  lire  space-time 
correlation  measurements  parallel  to  the  stream  direction  exhibit 
at  certain  time  delays  corresponding  to  the  convection  of 
pressure-producing  eddies  at  speeds  varying  from  0.^  to  O.83  times 
the  stream  speed.  Ihe  lower  convection  speeds  are  measured  when 
the  spatial  separation  of  the  pressure  transducers  is  small,  or  when 
only  the  pressure  fluctuations  at  hi^  frequencies  are  correlated. 
Hlf^r  convection  speeds  are  observed  idien  the  spatial  separation 
of  the  pressvire  transducers  is  large,  or  idien  only  low  frequencies 
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«r«  Sie  zwnilt  that  lov-frequaney  preaaurt  fluctuations 

have  the  highest  comreetion  speed  is  in  agfesnent  vlth  the  aeasureoents 
of  Coreos  lk9,^]  In  a  fully  tuxh^llsnt  txibe  flov.  Analysis  of  these 
McasiirsMonts  also  shovs  that  both  large-  and  aaall-seale  pxessuxe- 
produeing  eddies  decay  after  trarellng  a  distance  proportional  to 
their  acale.  More  precisely,  a  pressure-piroduclng  eddy  of  large  or 
— vacrelength  X  decays  and  Tanlshes  after  tracvellng  a  distance  of 
approxiaately  6X*  9ie  transTorae  spatial  correlation  of  the  vall- 
prassure  flnetuatlons  aas  measured  and  conpared  vlth  the  longitudinal 
scales  of  both  large-  and  aaall-scale  vall-pressurs  fluctuations. 

Both  the  transrerae  and  the  longitudinal  acale  of  the  presstire 
fluctuations  vere  of  the  order  of  the  boundary-layer  thickness.  Ihe 
transrerse  and  scales  of  both  large-  and  anal  1  -scale 

vall-pressure  fluctuations  vere  also  measured  and  vere  found  to  be 
approximately  the  same. 

In  a  similar  report  Wooldridge  and  WlUmarth  [86]  measured  the 
correlation  between  the  fluctuating  -relocltles  and  the  fluctuating 
vaULl  pressure  in  a  thick  turbulent  boundary  layer.  Ffoves  Williams 
[89]  studied  the  noise  from  turbulence  eomrected  at  high  speed.  The 
theory  Initiated  by  i.ighth'tii  for  the  purpose  of  estimating  the  sound 
radiated  from  a  tuibulent  fluid  flov  is  extended  to  deal  vlth  both 
the  transonic  and  superaonlc  xeutges  of  eddy  convection  speed.  The 
sound  is  that  ^s*'**^^  vould  be  produced  by  a  distribution  of  eonvected 
acoustle  quadxeq^les  vhose  Instantaneous  strength  per  unit  volume 
Is  given  by  a  turbulence  stress  tensor,  At  lov  subsonic 

speeds  the  radiated  Intensl'ty  Increases  vlu  the  eighth  power  of 
velocity  quadripole  convection  augnents  this  basic  dependence 

by  a  factor  (l-M  cos0|**^,  vhere  M  Is  the  eddy  convection  Mach  number 
$  the  position  of  an  oba«rvation  point  measured  fxxsa  the 

direction  of  eddy  motion.  At  supersonic  speeds  Ihe  augmentation 
factor  becomes  singular  vhexiever  the  eddy  approaehea  the  obserratlon 
point  at  sonic  velocity,  N  cos  e  >  1  .  At  that  condition  a  quadrapole 
degenerates  Into  Its  constituent  simple  sources,  for  each  quadrapole 
element  moves  vlth  the  acoustic  vave  front  It  generates  and  cancelling 
contributions  from  opposing  sources,  so  essential  In  determining 
quadrapole  behavior,  cannot  combine  but  are  heard  Independently. 

Uiis  sliple-source  radiation  is  likened  to  a  type  of  eddy  Mach  vave 
vhose  strength  Increases  vlth  the  cube  of  a  ‘^ical  flov  velocl'fy. 

When  quadripoles  approach  the  observer  vlth  supersonic  speed  sound 
Is  heard  in  reverse  time,  but  Is  once  of  a  quadrapole  nature 

and  the  general  lov  speed  result  Is  again  applicable.  The  limiting 
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hlg}i  spMd  foiB  of  the  eoaTeetlon  eaffaentatloii  factor  la  |m  eoa  9\ 
ahleh  ecwiblnea  vlth  the  haale  eighth  power  velocity  lav  to  Ttaii 
the  reault  that  radiation  Intenalty  Inereaaes  only  aa  the  cube  of 
velocl'^jr  at  high  aiqperacalc  apeed.  9ie  theoxy  la 

developed  In  acne  detail  and  aepported  by  more  phyalcal  argmenta, 
and  the  paper  la  concluded  by  a  aeetlon  where  acne  relevant  ezperl- 
aental  evidence  la  dlacuaaed* 

Studlea  of  roolcet  nolae  alnmlatlon  with  aubatltute  gaa  Jeta 
and  the  effect  of  vehicle  motion  on  Jet  nolae  waa  Inveatlgated 
by  Morgan,  Toung  [8l],  Die  report  la  written  In  two  parta.  In 
part  I  the  feaalbUl-ty  of  iialng  helium  Jeta  aa  a  practical  aub- 
*^'tute  for  actual  roeketa  In  aeale  acooatlc  teata  waa 

Inveatlgated  by  conducting  an  e:q>erlmental  program  with  four 
heated  helium  modela.  Sufficient  evidence  la  preaented  to  Indicate 
that  that  aubatltute  gaa  aodellng  concept  la  valid.  In  part  H 
an  Inveatlgatlon  waa  made  to  detemlae  the  effect  of  flight  vehicle 
motion  on  propulalon  eyatra  nolae  idilch  la  propagated  to  parta  of 
the  vehicle  located  In  the  near  field.  Erperlmental  reaulta 
conq^are  favorable  with  predlctlona  baaed  on  the  hypotheala  which 
explalna  the  effect  of  vehicle  motion  by  two  aeparate  factora:  (1) 
the  nolae  produced  by  a  Jet  la  motion  In  dependent  \q>on  the  relative 
between  the  Jet  and  the  air  through  which  It  moveaj  and  (2) 
a  ahlftlng  of  the  nolae  radiation  pattern  toward  the  rear  occura 
becauae  of  the  coaa>ljied  effecta  of  vehicle  motion  and  the  finite 
velocity  of  aound. 

The  apectra  and  Directivity  of  Jet  lolae  la  the  topic  of  a 
abort  note  by  H.  S.  filbner  (90].  On  the  aaaumptian  of  locally 
laotroplc  turbulence  aiqperpoaed  on  the  mean  Jet  flow,  the  broadly 
peakad  nolae  apectrom  la  derived  In  tema  of  a  aum  of  two  bell>ahaped 
apectra  peaked  on  octave  apart.  Die  proportlona  vary  with  direction 
6  txtBL  the  Jet  azla  being  dominated  by  the  baaa  apectrum  at  t 
anglea  and  the  treble  apectrom  beyond,  aey  70®.  ibi*  ±a  accoaqOlahed 
by  a  factor  ^  doa^S  for  the  baaa  apectrum. 

Bie  queatlon  of  poaalble  aound  produced  by  atreaaea  at  a  rigid 
aurface  la  dlacuaaed  by  Meecham  [91,92,93].  It  haa  been  previoualy 
pointed  out  that  theae  atreaaea  won’t  produce  aound.  Die  error  In 
the  original  analyala  la  ahown  to  be  a  confoalon  between  hydrodynnlc 
preaaure  and  aound  field  pzeaaure. 
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FtcntcB  V11114DB8  [9^]  considers  the  Hoise  produced  hy  boundary 
lagrvr  turbulence  in  a  short  note*  Soeie  erroneous  deductions 
made  receatly  axe  discussed  and  a  short  survey  of  the  relevant 
theories  presented*  it  Is  pointed  out  that  no  fundamental 
errors  exist  in  the  basic  theoretical  aozk  on  this  topic,  and 
that  some  of  the  apparent  Inconsistencies  are  due  to  a  mis¬ 
interpretation  of  those  theories* 

!Die  elements  essential  to  a  nev  vortex  theory  of  edgetones 
are  described  by  Alan  Powell  [9^]*  It  is  shown  how  both  the  feed¬ 
back  to  the  orifice  and  the  sound  radiation  may  be  directly 
attributed  to  the  velocity  field  of  the  vortex  cast  off  by  the 
ed«e  together  with  the  syi^mithetic  circulation  about  it*  An 
upper  limit  to  the  intensity  of  the  edgetone  is  dlsciissed  idien 
the  edge  is  very  small;  it  depends  on  the  size  of  the  edge*  It 
is  shown  how  the  small  edge  used  by  T^nihun  and  Richardson  is 
quite  adeq^iate  in  size  to  s\q>port  the  flow  pattern  implied  by 
the  feedbeu:k  explanations  of  the  mechanism  of  edgetones* 
theory  is  shown  to  be  equivalent  to  the  so-called  acoustical 
one  in  idiich  the  action  at  the  edge  is  represented  by  a  dipole 
idiose  strength  is  associated  with  the  fluctuating  force  sustained 
by  the  edge*  While  Powell  states  that  the  rift  between  these  two 
approaches  to  the  theory  of  edgetones  may  be  considered  closed, 
it  is  to  be  noted  that  each  may  c<mtlnue  to  have  its  special 
attractions  in  respect  to  specified  requirements* 

!aie  surface  integrals  of  the  solution  to  the  homogeneous 
wave  equation  are  discussed  by  Powell  [96]  with  special  reference 
to  the  use  of  the  pressure  independent  of  the  sound  speed  and 
point  multipole  representation  for  small  surfaces  enclosing  the 
source*  It  is  shown  hov  the  multipole  representation  can  be 
xised  for  not  small  surfaces,  so  as  to  afford  sinq;>liflcation  in 
estimating  such  pressures,  even  though  the  series  of  multipoles 
may  diverge*  Qie  corresponding  use  of  such  pressures  in  the 
inhomogeneous  wave  equation  is  examined*  Ibe  general  solution 
for  surfaces  of  aiAltrazy  size  contains  both  the  aformientloned 
surface  integrals  and  a  volume  integral  over  the  region  interior 
to  that  closed  surface*  Ihe  former  stands  alone  for  surfaces 

and  closely  represents  real  physical  conditions*  OSie  volume 
integral  may  stand  alone,  provided  that  the  net  monopole  strength 
is  zero  and  that  the  region  of  integration  extends  fcuc* 
for  the  retained  time-delay  effects  to  cause  the  volume  integral 
to  converge.  Sie  volume  integral  has  the  mathematical  interpretation 
of  repairing  the  deficiency  of  the  surface  integrals  idien  the  flc- 

'titious  pressure  is  used  in  them,  and  conseq;aently  is  imconnected 
Vlth  the  actual  basic  ^nAffhan^ wm  of  the  source*  '1V>^  f»a.1 
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4i»cu»«ion  is  supported  and  mostrmted  try  direct  use  of 
nonopole^  dipole^  and  lateral  guedrspoi#  fields* 

Bie  ^lestlon  of  possible  sound  pxx>duced  by  stresses  at 
a  rigid  surf^  Is  again  discussed  by  Powell  [97] ,  it  was 
pievlously  pointed  out  that  these  stresses  axe  effectlwe 
sources,  being  the  reaction  to  eoaentiai  fluctuations  In  a 
contiguous  flow  and  with  which  the  ta«a  sound  sources  are  to 
Oiere  Is  no  error  In  the  original  g^^r*** 
fonmllsa,  and  no  confusion  need  exist  between  lv<Jrodyn«tc 
pressure  and  sound-field  pressure  In  the  Halts  of  wery  — 
surfaces  (when  net  forces  axe  to  be  dlrsttly  associated  with 
dipole  radiation)  and  of  very  large  plane  surfaces  (when 
the  surface  pressures  aerely  represent  reflections  of  the 
q^udripole  flow  noise). 
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Sxp«rlMntal  Besults 


In  the  derelopeent  of  the  field  of  aerodTOonlc  oolee  a 
large  qioantl'^  of  raloahle  erperlaental  vozk  haa  1)0011  done. 

She  dlffieultgr  of  the  area  of  tuitmleaee  haa  neceaaltated 
the  appeal  of  vorfcera  In  the  field  to  eofirleal  teehnlquea 
and  hence  the  erperlaental  reaulta  hare  plagred  a  particularly 
algnlfleant  part  In  the  undera tending  of  the  ph«ioieena.  Sone 
exaaqplea  of  tiieae  esqperleental  reaulta  are  prorlded  to 
lUuatrate  the  general  nature  of  the  voiic  idileh  haa  been  done. 

^  figure  1  Eovea  [^]  demonatrated  the  contours  of 
sound  pressure  level  for  a  auibaonle  Jet.  Figure  2  la  a 
plot  of  pover-apectral  density  versus. Strauhal  niaiiber  for 
supersonic  air  Jets  also  fron  Hoves  [^].  In  figure  3 
the  space  time  correlations  of  the  surface  pressure  field 
Is  on  the  surface  of  a  vlnd  tunnel  are  given.  ^Qiese  are 
taken  from  a  report  hy  Bull  and  Willis  [98] .  figure  4 
shows  the  erperimental  results  of  Vlllmarth  and  Woolrldge 
[37]  giving  Longitudinal  space-tine  correlatioas  of  Ifte 
pressure  at  the  wall  In  a  fluctuating  boundary  layer. 

Figures  3-8  are  taken  from  the  same  paper  and  show  re# 
spectlvely  the  peaks  in  the  longitudinal  spact-tlne  correlation, 
the  dimensionless  power  spectra  of  various  height  In  the 
boundary  layer,  and  various  values  of  the  space-time  correlation 
of  fluctuatlag  velocity  with  fluctuating  wall  presstire.  Figure 
9  gives  the  spectrum  of  near-field  boundary-layer  noise  for  a 
rou£^  cylinder  due  to  Etkln,  Kiorbacher  and  Keefe  [32]. 


28 


BEIEREBCES  fob  AEROISHAMIE  BOISE 


1  Ll^thlU,  M.  J,,  "Oi.  Sound  Oenoxmtod  Aerodynaaleally 

Oeneml  niewry,"  fcoc.  Bqy.  Soc.  A,  m,  5^ 

2  VlUlann,  J,  E.  Ff.,  "Soae  Thoughts  on  tbt  Effects  of 
Alrexmft  Notion  and  Eddy  ConTectloii  on  the  Boise  froa 
Air  Jets,"  UniT.  Sofuthaapton,  Dept.  Aero,  and  Astvon. 

Bop.  155,  31  PP.  +  figs..  Sept.  i960. 

3  Villiaas,  J.  E.  Ff.,  "On  Conreeted  !Rixhulence  its 
BelAticm  to  Bear  Field  Pressure,"  Dhir.  Sottthan5)ton, 

Dspt.  Aero,  and  Astron.  Rep.  109,  51  pp.,  J^,  i960. 

4  WilllaBo,  J.  E.  Ff.,  "Chi  the  Boise  Produced  by  Boundary 
Layer  Turbulence,"  JASA  830  (I963). 

5  Vilbnarth,  VilUan,  W.,  "Vail  Pressure  Fluctuations  in  a 

Turbulent  Boundary  Layer,"  Jour.  Acoustical  Soc.  An.,  vol. 
22,  Bo.  6, Bor.  1956,  pp,  10J»8-1053.  “ 

6  WUU.  w.,  CorwlmtloM  ttd  Spwtn. 

of  Wall  Pressure  in  a  Turbulent  Boundary  Layer." 

3-17-59tf,  1959. 

7  Tudin,  B.  T.,  "(to  the  Vortex  Sound  of  Rotating  Rods,"  Zh. 
Mcto.  m.  ^,561  (l9*^5),  Ttanslatinn:  BACA  Of  Bb.  II36 


8  Blakhintser,  D.  I.,  "Acoustics  of  a  BonhaBOgeneous  Moring 
Medium,"  BACA  TUch.  Memo  Bo.  1599  (1956). 

9  Btkin,  B.,  Kbrhacher,  0.  K.,  and  Keefe,  R.  T.,  "Acoustic 
Badiation  from  a  Stationary  Cylinder  in  a  Fluid  Stream," 
Uhir.  Toronto  Inst.  Aeropfays.  Rept.  Bb.  39  (1956)  also 
J.  Aeoust.  Soc.  Amar.  ^  30  (1957). 

10  Proudman,  I.,  "Bie  Oeneratlon  of  Bbise  by  Isotropic 
Turbulence,"  Proc.  Bpy.  Soc.  21AA,  II9,  (I952). 

11  Llf^thlll,  M.  J.,  "Part  II.  T\irbulence  as  a  Source  of 

Sound,"  jRfUe.  a,  l,  195A, 

12  Ribner,  H.  S.,  "Shoek-Turbulanee  Interaction  and  the 
Generation  of  Boise,"  BACA  Rep.  1233,  1955. 

13  IhlUips.  0.  M.,  "(bi  Aerodynamic  Surface  Sound."  PM  2000 
British  ABC,  Mar.  28,  1955. 


29 


lA-  Phillips,  O.M.,  "Ob  Asrodynaodc  3urfttce  Sound,"  Proc. 

Csnb.  Phil.  Soc.  220  (1955) 

15  Phillips,  O.M.,  "On  the  Asrodgmamlc  Surface  Sount  fros  a 
Plane  Turbulent  Bo^lndar7  layer,"  Proc.  Boy.  Soc.  (London), 
ser.  A,  Vol.  234,  Ho.  II98,  Feb.  21,  1956,  ».  327-355. 

16  Curie,  H.,  "'%e  influence  of  Solid  Boundaries  1900  Aero¬ 
dynamic  Sound,"  Proc.  Roy.  Soc.  A,  231,  505  (1955). 

17  Phillips,  O.M.,  (1557)  J.  Fluid  Mech.  2,  4l7. 

1$  Kralchnan,  R.  H.,  "Scattering  of  Sound  In  a  Turbulent 
Medium,"  JASA  2^,  IO96-IIO6  (1953) 

19  Kralchnan,  R.  H.,  "Pressure  Field  Within  Homogeneous 
Anisotropic  Turbulence,"  JASA,  Vol.  28,  (1936). 

20  Kralchnan,  R.  H.,  "Pressure  Fluctuations  in  Turbulent 
Flov  Over  a  Plate,"  JASA  28,  Msy  1956. 

21  Kralchnan,  R.  H.,  "Hblse  Transmission  from  Boundary  layer 
Pressiire  Fluctuations,"  JASA  29,  1957>  (Jan.). 

22  Kralchnan,  R.  H.,  "Holse  Transmission  from  Boundary  layer 
Pressure  Fluctuations,"  WADE  TH  56-263,  53  PP.»  March,  1956. 

23  Coles,  D.,  "Measurements  In  the  Boundary  layer  on  a  Smooth 
Flat  Plate  In  Supersonic  Floe, "  Jet  Prop  lab.  Rep.  20-^9 > 
1953,  or  Z  JI.M.P.V.,  1954,  181. 

24  Onrlson,  M.,  "Pressure  Fluctuations  On  the  Wall  Adjacent 
to  a  inixbulent  Boundary  layer,"  David  Taylor  Model  Basin 
Report  -  1260. 

25  Harrison,  M.,  "Correlations  and  S(eetra  of  Pressure 
Fluctuations  on  the  Wall  Adjacent  to  a  Turbulent 
Boundary  layer,"  Jour.  Acoustical  Soc.  Am.,  Vol.  29, 

Ho.  11,  Hot.  1957#  P.  1252. 

26  Mull,  Harold  R.,  and  Algrantl,  Joseph  3.,  "Flight  Measurement 
of  Wall-Press\ire  Fluctuations  and  Boundary  layer  Turbulence," 
HASA  m  D-280,  i960. 


30 


27  Mcl^rd,  H.  J,  and  Jordan,  0.  H.,  "Prellnlnary  Fll^t  Surrey 

of  Puaelaf^  and  Boundary  layer  Sound  Preaaure  Lerela,"  HACA 
BM  858  BU. 

28  RiBner,  H.  S.,  "Benniary  layer  Induced  Iblae  In  the  Interior 

of  Aircraft,"  Bep.  57,  Inat.  Aatrophya,  Bblr.  Uaronto,  Apr.  1956. 

29  Corcoa,  G.  M.,  and  Uepnann,  H.  W.,  "On  the  Contribution  of 
Ttobulent  Boundary  layera  to  the  Bolae  maide  a  Fuaelaae  " 

BACA  m  liK20,  1956,  ' 

30  Muller,  E.  A.  and  Matchat,  K.,  "On  the  Production  of  Bolae 
Pron  Decaying  HaM>geneoua  Inotropic  Turbulence" (in  Germn) 

2.  nugwiaa.  6,  6,  161-170,  Jbne  1958. 


31  Mawardi,  0.  K.,  "(ta  the  Spectrum  of  Holae  from  Turbulence" 

H2-5,  (1955). 

32  Stkin,  B.,  and  ttbner,  1.  3,,  "Canadian  Beaaarch  in  Aato- 

aynaaic  Boiae,"  Gnir.  Ttoronto,  mat.  Aerophya,  Bep.  13.  17 
PP.  +  flga.,  JUly  1958.  "  ' 

33  Ribner,  H.  S.,  "aa  the  Strength  Diatrlbutlon  of  loiae 
Sourcea  Along  a  Jet,"  (1958)  urm  Report  (51). 

3h  Ribner,  H.  S.  "Reflection,  Trananiaalon,  and  Aa^liflcation 
of  Sound  by  a  Morlng  Medlint,  JASA  22,  (1957). 

35  Ribner,  H.  S.,  Acouatlcal  Soc.  Am.  30,  576  (I958). 

36  Johnaon,  ¥.  R.  and  laporte,  0.,  "me  mteractlon  of  Plane 
•nd  Cylindrical  Sound  Warea  With  a  Stationary  Shock  Ware," 
ItalT.  Mich,  Tech.  Bep.,  2539-8-T  (1957), 

37  Meechan,  W.  C.  and  Ford,  0.  W.,  "Aeouatlc  Illation  Proa 
Inotropic  Tbrbulence, "  JASA.  31B  (1958). 

38  Heller,  H.,  "Boiae  Generated  by  the  Oaa  Streaaa  Learlng 
Jeta,"  (in  Geman),  ZVDI  n,  1^89J^90,  Apr.  I961. 

39  Cheng,  S.  I.,  "On  the  Aerodynamic  Boiae  of  a  Jet,"  awun? 

5[  (General  Applied  Slcence  laboratoriea,  me. 

TR  148),  56  pp,,  Apr.  1959, 

40  Cheng,  S.  I,,  "On  the  Aerodynamic  Boiae  of  a  Jet,"  GASL 
Tech.  Hep.  Bo.  lJf8,  General  Applied  Sciencea  laboratory. 
Weatbury,  L.  I.,  Bev  York  (I959). 


31 


kl  Cheng,  S»  I.,  "On  the  Aerodsmaalc  Hoiee  of  a  1\ixhtilent  Jet,” 

£•  Aeroepece  Sel.,  28,  it^,  321-331>  Avr.  1961* 

kZ  Felcan,  J*  C.,  and  MuU,  H*  R«,  "Effect  of  Forward  Veloci'^ 
on  Sound«Pressuxe  Lerel  in  the  Hear  Rolae  Field  of  a  Moving 
Jet,"  lASA  nr  d-6i  pp.,  Oct.  19^9. 

^3  Powell,  A.,  "On  the  Mschanlan  and  Redaction  of  Cheked  Jet 
loise,"  AK  ^  623  I9a838,  Dee.  1932. 

Hk  Powell,  A.,  Froc.  Rqrs.  Coe.  (London)  B67  313  (193^)* 

k3  Powell,  A.,  ”9ie  Infl.nence  of  the  Exlet  Velocity  Profile 
on  the  Hoiee  of  a  JeV*Aenb  Qsart.,  Vol.  IV,  (193^)* 

1|6  Powell,  A.,  "Slsdlarlly  Conelderatlone  of  Hoiee  Prodoctlone 
Froi  TUx^tilent  Jete,  both  Static  and  Moving,?  Douglae 
Aircraft  Co.  Repert  SM  232kT  Douglaa  Aircraft  Co.,  Inc., 

Santa  Monica,  California,  Ja2y  1,  1938. 

kf  Powell,  A.,  "On  the  CSeneratlon  of  Hoiee  Toy  Toxhulent  Jete," 

ASMS  Aviation  Conf.,  Loe  Angeles,  California,  Mar.  1939> 

Pig».  39^V-53,  23  pp. 

AS.  Powell,  A.,  :"SlBdlailb7  and  Tofb\ilent  Jet  Hoiee,”  J.  Acooet. 

Aaer.  6,  812-8I3,  (Lettere  to  the  Editor),  June  1939. 

49  Corcoe,  G.  M.,  "Sone  Measrureaente  Bearing  on  the  Principle  of 
Operation  of  Jet  Silencing  Devlcee," Douglae  Aircraft  Co., 

Santa  Monica,  Dir.  Rep.  HO.  SM  231JA-,  March  1938. 

30  Corcoe,  G.  M.,  1939  Aaer.  Pbye.  Coe.  DIt.  of  Fluid  Diynamice 
Abetraete,  19^  Uhir.  of  California,  Ihet.  of  !Bsch.,  Rep. 

Ho.  20-69  or  195h  ZkMP  3,  I81. 

31  Ribner,  H.  S.,  "Hev  Qieory  of  Jet  Hoiee  Generation,  Dlrectlonalltgr 
and  Spectra,"  JASA  (1939). 

32  Ribner,  H.  S.,  "Energy  Flux  fTon  an  Aeouetle  Source  Contained 
in  a  Moving  Fluid  Element  and  Ite  Relation  to  Jet  Hoiee," 

JASA  32,  1159  (a56^). 

33  Ribner,  H.  S.,  "A  Theory  of  Sound  from  Jete  and  Other  Flowe 
in  Tbrna  of  Simple  Soureee,"  AFOSR  flr  6d-930  (Dhir.  Ibronto, 

Inet.  AeroiJiya.  Rapt.  67),  82  pp.  4  charte,  July,  i960. 


32 


^  Dyer,  I.,  "Sound  Badlntlon  Into  a  Closod  Space  troa 
Boundary  layer  TuAulenee,"  BBI.  Rept.  602. 

"Dlstrilnitlon  of  Sound  Sources  In  a  Jet 
Stresm, "  J.  Acoust.  Soc.  Aner,  7,  1016-1022, 

July  1959 • 

56  Farre,  A.  J,,  GarlgUo,  J.  J.,  and  Dumas,  R,,  "Space- 
Tlae  Double  Corxelatl<»s  and  Spectra  in  a  Turbulent 
Boundary  layer,"  J.  Fluid  Mech«  5#  1959,  3*M^-356, 

57  Wilson,  L.  V*,  "An  E3g>erlmental  Inresainatidn  of  the 
Noise  Generated  hy  the  TUzhulant  Floir  Around  a  Rotating 
Cylinder,"  ATOSR  gr-59487  (ihiir.  Toronto,  Ihst.  Aerophys, 

Kep.  57;  ASm_AD_21li_j80),  72  pp.,  Msy  1959#  JASA 

MO3  (i960). 

58  Hosts,  W.  L.,  "Similarity  of  the  Par  Ncise  Fields  of  Jets," 
NASA  TO  R-52,  kk  pp.,  1959. 

59  Hoses,  V.  L.,  "Similarity  of  Near  Noise  Fields  of  Subsonic 
Jets,"  NASA  TO  R-9»i^,  68  pp,  1961 

60  Skudrzyk,  E.  J.  and  HSddle,  0.  P., "Noise  Production  in  a 
a\irbulent  Boundary  layer  by  asotth  and  Rough  Surfaces,  J. 
Acoust.  Soc.  Amer.  1,  19-3Mi-,  Jan.  i960. 

61  Posell,  A.,  "Thou^ts  on  Boundary  layer  Noise,"  Neron.  Res. 
Council  London,  Rapt.  I6727  (Ap. 

62  Posell,  A.,  "the  Problem  of  Structural  Failure  Due  to  Jet 
Noise,"  Aeron  Res.  Coundil  (London),  Rept.  175^^  (1955). 

63  Posell,  A.,  "Aerodynamic  Noise  and  the  Plane  Boundary," 

JABA  32.  98e,  (i960). 

6k  Posell,  A.,  "Concerning  the  Noise  of  Turt>ulent  Jets,"  J. 

Acoust.  Soc.  Amer.  12,  I609-1612,  Dec.  i960.  ” 

65  Gottlieb,  Peter,  "Sound  Source  Near  a  Velocity  Discontinuity," 

JASA  3«.  urr* 

66  Posell,  A.,  "On  the  Effect  of  Missile  Notion  on  Rocket  Noise," 

J.  Acoust.  Scl.  Amer.  50,  1048  (1957). 

tyer,  I.,  "Noise  Enrironments  of  Flij^t  Vehicles"  Noise  Control 
6,  1,  31-40,  31,  Jan./Feb.  i960. 

53 


67 


68  Chobotov,  T.  and  PowU,  A.,  "Cta  the  Prediction  of  Acouatlc 
Envlromaenta  from  Rockets  "  Rano-Woolrldae  Report  34-7-7  • 

69  Eldred,  K.  M,,  "Correlation  and  Prediction  of  Turbojet 

Rocket  Noise,"  WASC  Hept.  ni-56-652  A.  D«  11C)667» 

70  Doak,  P.  E»,  "Acoustic  Radiation  from  a  TUib\ilent  Fluid 
Containing  Foreign  Bodies,"  Proc«  Boy.  Soc.  2^,  (i960). 

71  Howes,  W.  L.,  "Distribution  of  Time  Averaged  Pressure 
Fluctuations  Along  the  Boundary  of  a  Round  Subsonic  Jet," 

NASA  TN-DH68  (i960) . 

72  Gerrard,  T.  H.,  "An  Investigation  of  the  Noise  Produced  hy 

a  Subsonic  Air  Jet,"  J.  Aer.  Sc.  2^,  855»  9#  (1956). 

75  Lauter,  J.,  "Aerodynamic  Noise  In  Supersonic  Wind  Tunnels," 

J.  Aero.  Scl.,  28,  685-92. 

7k  Lavrence,  J.  C.,  "Intensl'^,  Scale  and  Spectra  of  Turbulence 
In  the  Mixing  Region  of  Jets,"  NACA  TH  5561,  1955» 

75  Lllley,  0.  M.,  "On  the  Noise  From  Air  Jets,  ABC  20,  576,  N.  40, 

FM272k,  (1958). 

76  Mull,  H.  R.  and  Brlekson,  J.  C.,  "Survey  of  the  Acoustic 
Near  Field  of  Thrw  Nozzles  at  a  Pressure  Ratio  of  50," 

NACA  nr  5968  (1957). 

77  Mull,  Harold  R.,  "Flight  Measurement  of  Wall-Pressure 
Fluctuations  and  Boundary  legrer  Turbulence,"  NASA  TN 

D-280,  i960. 

78  Bles,  D.  A.,  "Effect  of  a  Reflecting  Plane  on  an  Arbitrarily 
Oriented  Multlpole,"  JA3A  55*  1961,  p.  286. 

79  mgard,  U.  and  Laaib,  0.  L.,  "Effect  of  a  Reflecting  Plane  on 
the  Sound  Power  Output  of  Sound  Sources,"  JA3A  29,  7^3#  (1957)* 

80  Morgan,  W.  V.  and  Sutherland,  L.  C.,  and  Young,  K.  J.,  et.  al. 
"The  Itte  of  Acoustic  Scale  Models  for  Investigating  Near  Field 
Noise  of  Jet  and  Rocket  Engines,"  WADC  TR  6I-I78,  April  I961. 

81  Morgan,  W.  V.  and  Young,  K.  J.,  "Studies  of  Rocket  Noise 
Simulation  with  Substitute  Gas  Jets  and  the  Effect  of  Vehicle 
Motion  on  Jet  Noise,?  WADC  151,  ASD-TnR-62-787  (1965). 


3^ 


82  Poiroll,  A.,  "Dieoiy  of  Sound  Propa^tlcm  Thxou^  Duets 
Carrying  High  Speed  KLoim,"  JASA  iSW,  (i960). 

85  Povell^  Sound  Radiation  in  Ihma  of  Pressure 

Independent  of  Sound  Speed,"  JASA  IIJJ  (1963), 

8»^  Powell,  A.,  "Distortion  of  a  Finite  Ajq>lltude  Sound 
Wkve,"  886  (i960). 

85  Llj^thlU,  M.  J. ,  "1961  Sound  Generated  Aerodynanilcally, " 

Bie  Bakerlan  Lecture,  1961,  RAE  Tiech.  Meao.  Dir  8;  Proc. 

Roy.  Soc.,  a  267  lh7  (1962). 

86  Bull,  M.  K.  and  Willis,  J.  L.,  "Sane  Results  of  Experimental 
Inrestlgatlen  of  the  Surface  Pressxire  Field  Due  to  a  Turbulent 
Boundary  layer,"  Itolr.  Southanpton,  Dept,  Aero.  Astronautics 
Rep.  199,  1*1  (Contract  AF  6l(052)-558,  «t  PP..+  figs*,  lor. 
1961. 


87  Wlllaarth,  WilUaa^W*,  "Measurements  of  the  Fluctuating 
Pressure  at  the  Wall  Beneath  a  Tblck  Turbulent  Boundary 
layer,  UhlT.  Mich.  Coll.  Eugng.  Dept.  Aeronaut.  Astronaut. 
Engng.,  Aerodynamics  Lab.  IK  (Contract  Honr.  1224  (30)), 

32  pp.  +  figs.,  Apr.  1962. 

88  VoUdrldge,  C.  £.  and  W1 1  liearth,  W.  W.,  "Measurements  of 
the  Correlation  Between  the  Fluctuating  Velocities  and 

the  Fluctuating  Mall  Pressure  in  a  Bilck  TUxbulent  Boundary 
layer,  Xhilv.  Michigan  Coll.  Engng.  Dept.  Aeronaut.  Astronaut. 
Engng.  Aerodynamics  Lab.  TR  (Contract  Honr  1224  (30)),  85  pp., 
Apr.  1962. 


89  VlUlans,  J.  E.  Ff.,  "ibe  Molse  from  Turbulence  Convected 
at  High  Speed,"  au.  Trans.  Roy.  Soc.  A,  255,  4^9,  (I963). 

90  Ribner,  H.  S.,  "Aerodynamic  Sound  from  Fluid  DiUatlons," 
ttilT.  Toronto  Inst.  Aerophys.  Rept.  86  (1962). 

91  Meecham,  Ha.  C.,  "fti  Hoise  Produced  by  Boundary  Layer 

Turbulence,"  JASA  3^,  (19^3). 

92  Meecham,  Ha.  C.,  "On  the  USe  of  Pressure  Quadrapoles 

in  place  of  the  Velocity  Quadrapole  for  Aerodynamic 
noise,  408  (1963). 

93  Meecham,  Ha.  C.,  "Further  Discussion  of  the  Noise  Produced 
by  Boundary  layer  Turbulence,"  JASA  35.  931  (1963). 


35 


sk  YlUittM,  J.  E.  Ff.,  "On  the  Holee  Produced  hy  Boundaxy 
Layer  Tuxi>ulenee,  **  J^SA  ^30  (1963)* 

95  Powell,  A.,  'Cortex  Action  In  Ed«etonea,"  JASA  I65, 

1962. 

96  Powell,  A.,  "On  the  Aerodynamic  Noiae  Ariaing  From  the 
Uae  of  Preaaure  Quadrapolea,  JASA  103^  (1965)* 

97  Pouell,  A.,  "More  on  Voiae  Produced  hy  Boundary  Layer 
Tuirbuleno#,"  JASA  53»  731  (1965)* 


36 


90  . 

80  - 
70  . 

6o  - 

50  - 
4o  - 

30  - 

20  ■ 
10  - 

0  ^ 


Distance  Z**  noaxJe-eadt  dian 

• - 1 - 1 - 1 - 1 - 1— _ I _ I _ I _ i _ I 

0  10  20^40  50  60  708090  100 

Distance  Z,  in. 

(a)  V  ■  s;  5;  nozzle  diameter  D,  5  inches. 


Figure  1  Coaq[>arison  ot  predicted  and  experimental  contours 
of  sound-pressure  level  in  one-third-octave  bands 
for  a  subsonic  Jet. 
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StneiuilottiMs  oozMllxcd  power  •peetra  of  the  loogltadliial 
Teloel'^  eonqponeiite  at  Tarloue  hel^te  in  1216  boundary 
layer.  Spectra  are  normal  lied  to  hare  unit  area  In  the 
frequency  band  of  the  aidbaequent  erperimenta. 
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